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ABSTRACT 

This article introduces a study on splitting the total gear ratio of a two-step helical reducer with the first step double gear 
sets. In order to do that, an optimization problem with the objective is the minimal length of the reducer was carried out. 
Moreover, the effects of several parameters containing the total gear ratio, the allowable contact stress, the output torque 
and the face width coefficient were investigated. For examining the relation between the partial gear ratios and the input 
parameters, a simulation experimental work was performed. Besides, the models for splitting the total reducer gear ratio 
were found. 
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INTRODUCTION 

So far, several researches have been concentrated in finding optimal gear ratios of a gearbox or a mechanical 
transmission system. The reason is that the volume, the size of a gearbox or a mechanical transmission system is 
strongly affected by the gear ratios of each stage. In addition, there are three common methods for splitting the total 
ratio. These methods include the graph method, the practice method and the modelling method. 

The Graph Method 

This is the earliest method for finding the partial gear ratio. According to this method, the partial gear ratio is 
determined, graphically. For instance, the optimal partial ratios of the first and the second stages ( Mj and U2 , 
respectively) of a three step helical gearbox are determined, based on the total gear ratio by using the graph on 
Figure 1 for getting minimal reducer mass. The transmission ratio of the third step M 3 is then determined from the 
total ratio and the ratios of step 1 and 2 by the following equation 


* ^2 

The mentioned method was applied in several works [1-3]. 
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Figure 1: Gear-Ratios of Steps 1 and 2 Versus Total Gear Ratio [1]. 

The Practice Method 


The reason it can be named like that because, in this method, the optimal partial gear ratios of a gearbox are found based on 
the results of analyzing practice data. Milou and his co-authors were first used this method in [3]. Based on collected data 
from gearbox companies, they reported that the mass of a two step helical gearbox is minimal when the ratio a ^2 I 
from 1.4 to 1.6 (<3„i, a „2 centre distances of the first and the second step, respectively). From this note, the 

optimal partial gear ratios of this gearbox were proposed. 

By Models 

Using this method, the optimal partial ratios of all stages will be determined by formulas, which were found by solving 
optimal problems with different objective functions. For example, with a two stage helical reducer, for getting minimal 
length of gearbox, the optimal partial gear ratio of the stage 2is calculated by the following equation [4]: 


“2 
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where, Ybai ¥bai *^he coefficients of wheel face width of the stages 1 and 2; = 1.. .1.3 is a coefficient; is the 

total gearbox ratio. Using the model method, many studies [4-16] have been done for determination of the optimal partial 
gear ratios. In these studies, formulas to calculate the optimal partial gear ratios were found with dissimilar objectives, such 
as to get minimal gearbox mass of two and three stage reducers [5], to get minimal mass of gears of three-step gearboxes 
[6], or minimal gearbox length of three stage helical reducers [7]. 

In addition, the optimal partial gear ratios have been calculated for not the same types of gearboxes such as helical 
gearboxes, bevel gearboxes or worm gearboxes. 

Regarding helical gearboxes, the optimal gear ratios have been found for two-step gearboxes [3-8], three step 
gearboxes [9-16] and four step gearboxes [13-20]. Concerning bevel gearboxes, the optimal partial ratios were calculated 
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for two step[l, 3, 21] and for three step bevel helical gearboxes [22]. Also, several studies have been conducted to get the 
optimal partial ratios of worm-gearboxes, for instance two step worm-gearboxes [3, 23, 24] and worm helical gearboxes 
[24-26], 

In addition to studies on determining the optimal gear ratios for gearboxes, many researchers have tried to find the 
optimal gear ratios of a mechanical transmission system including a gearbox and a V-belt drive [27-30] or a chain drive 
[31-33], 

This article presents a study on splitting the total ratio of a two-stage helical reducer with the first-stage double 
gear sets, which has been used widely in mechanical transmission systems. In the study, the minimal reducer length was 
selected for the target of the optimisation problem. Also, the influence of input parameters containing output-torque, the 
total gear ratio, the coefficients of the wheel face width of the first and second stages, and the allow able stress have 
explored. Furthermore, for evaluating the influences of the mentioned parameters on the optimal partial gear ratios, a 
simulation experiment was performed. Additionally, proposed models to calculate the optimal partial gear ratios were 
presented. 

METHODS 

Determination of Optimization Problem 
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The length of a two-stage helical reducer with the first-step double gear sets is determined as (see Figure 1) 

2 ' 2 


(3) 


Where, and ^re the centre distances of two steps; and d ^22 ^re the pitch diameters (mm) of two 
steps. and d ^22 calculated as in [34] 


dw\i 


dw22 


2 ■ a».i 

Ui +l 

r/ u, 


^2 1 


(4) 


(5) 


In which, Mj, U 2 are the gear ratios of stages 1 and 2; Mj • M 2 = m^ in which is the total reducer ratio 

Therefore, the optimization problem is described by 
minimize L 
With constraints 

1<m,<9 

1<M2<9 


(6) 


(7) 


From the above equations, for solving the optimization problem we need to calculate , a ^2 > 1 d ^22 ■ 

Calculating Centre Distance 


The centre distance is calculated by[34] 




Tn-k, 


sl/3 


up 


Wh] 


( 8 ) 


ba{ J 


In which, K^=43 is the coefficient of the material [34]; is a load ratio; =1.02...1.28 [34]and it can be 
selected asfc^^ =1-1 ; the allowable stress (MPa); ] = 350.. .420 (MPa) for steel gear; is the coefficient 

of wheel face width of the stage 1: =0.3...0.35 [34]. 

In addition, the relation between the output torque and the torque on the pinion can be found by 


To.,='^-Tn-Vl-Vl-u 


(9) 


Where, ? 7 ,,g is gear efficiency (7/,,^ =0.96...0.98 [34]); bearing efficiency (7/^^ =0.99...0.995 [34]). 
Selecting 77 ^^ = 0.97 and 7 ;^^ = 0.992 and replacing them into equation (9) we have 
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0.5444 ■ 7;, 

''ll “ 

Substituting (10) and =1.1 into ( 8 ) gets 


,1/3 


36.2442 ■(«,+!) 


[cf^j] -y/bai 


After having , the pinion pitch diameter is found by[34] 


d 


wll 


t/j +1 


Calculating Centre Distance 


( 10 ) 


( 11 ) 


( 12 ) 


The centre distance of stage 2 a ^2 b® determined by [34] 


^w2 


r 

T -k ' 


] ■ ^2 ■ Wba2 ) 

Also, the output torque of the reducer is calculated as 

^o«t ^ ^2 ■ Vhg ■ Vbe ■ ^2 

Choosing 77 ^^^ = 0.97 and = 0.992 as in section 2.1 and substituting them into (14) we have 

1.0476-7;„, 

-'12 


(13) 


(14) 


(15) 


Substituting (15), =43 and k^^p =1.1 into (13) gets 


,1/3 


= 45.0814-(mj+I)' 


Wh 


■ u. 


■¥bal 


(16) 


Experimental Work 

To explore the relation between the input parameters and the optimal gear ratio of each step, a simulation experiment was 
done. The experiment was planned with a 2-level full factorial design and5 input parameters (Table 1). Subsequently, there 
are 2^ = 32 numbers of tests for the experiment. From Equations (4) and (5), a computational program was built to conduct 
the experiment. Table 2 reports various input factor levels and the output results (the optimal partial ratio of second step ). 
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RESULTS AND DISCUSSIONS 

Figure 2 presents the effects of the involvement factors on the optimal partial gear ratio of the second step ■ It is 
reported that is greatly affected by the total reducer ratio . When grows, it increases considerably. Also, U 2 is 
affected by the coefficients of the wheel face width of both steps y/ba\™^ Wbai - Additionally, it is noted that M 2 does not 
depend on the allowable stress as well as the output torque . 

Figure 3 describes the Pareto diagram of the standardized effects of U 2 .Based on this chart, it can be seen that 
(factor A), (factor B), (^^^2 (factor C) and their interactions AB and AC are statistically significant at the 0.05 level 
with the output results (the optimal gear ratio ) as these factors cross the reference line. Also, is not affected by AS 
(factor D) and (factor E) because they do not appear to the right of the reference line. 


Table 1: Input Factors 


Factors 

Code 

Unit 

Low 

High 

Total Gear Box Ratio 

Ug 

- 

5 

30 

Wheel Face Width 

Coefficient of Step 1 

^bal 

- 

0.3 

0.35 

Wheel Face Width 

Coefficient of Step 2 

Xba2 

- 

0.35 

0.4 

Allowable Contact Stress 

AS 

MPa 

350 

420 

Output Torque 

T 

out 

Nmm 

10 " 

10 " 


Main Effects Plot for u2 

Fitted Means 



Figure 2: Main Effects Plot for M 2 . 


The Normal Graph of the standardized effects is presented on figure 4. It can be seen from the chart that the 
biggest factor affecting M 2 is (factor A). Besides, (factor A) and (^^^2 (factor C) have a positive influence. The 

optimal partial ratio M 2 rises with the growth of these factors. Furthermore, (factor B) and the interaction BC have a 
negative influence. If these factors increase, M 2 decreases. 
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Table 2: Plan of Experiment and Results 


Std 

Order 

Run 

Order 

Centre 

Pt 

Blocks 

Us 

Xbal 

Xba2 

AS (MPa) 

Tout 

(Nm) 

U2 

25 

1 

1 

1 

5 

0.3 

0.35 

420 

10000 

1.90 

17 

2 

1 

1 

5 

0.3 

0.35 

350 

10000 

1.90 

29 

3 

1 

1 

5 

0.3 

0.4 

420 

10000 

1.93 

6 

4 

1 

1 

30 

0.3 

0.4 

350 

100 

3.44 

15 

5 

1 

1 

5 

0.35 

0.4 

420 

100 

1.89 

19 

6 

1 

1 

5 

0.35 

0.35 

350 

10000 

1.87 

31 

7 

1 

1 

5 

0.35 

0.4 

420 

10000 

1.89 

2 

31 

1 

1 

30 

0.3 

0.35 

350 

100 

3.34 

28 

32 

1 

1 

30 

0.35 

0.35 

420 

10000 

3.33 



Figure 3: Pareto Effects for . 


Figure 5 demonstrates the predicted influences and the coefficients for • It is revealed that all the P-values of 
’ y^bai ’ y^bai interaction are zero. Hence, these factors are significant to U 2 . Therefore, U 2 can be 

found by the following equation 

U 2 =-0.799 + 0.048741-tt^ +6.64-+7.32-{^,„,-20.1-?^^, (17) 

Equation (17) fits the data quite well because the is nearly 100% (Figure 5). Hence, the equation can be used 
for calculation of the optimal partial ratio M 2 • Once having M 2 , the optimal partial ratio of the first step Mj can be found as 

Mj = M^ / M2 . 
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Normal Plot of the Standardized Effects 

(response is u2, a = 0.05) 



Effect Type 
• Not Significant 
■ Significant 


Factor Name 
A Ug 


Xba1 

Xba2 

AS 

Tout 


Figure 4: Normal Plot for 


Coded Coefficients 


Term 

Effect 

Coef 

SE Coef 

T-Value 

P-Value 

VIE 

Constant 


2.62892 

0.00270 

972.93 

0.000 


Ug 

1.46222 

0.73111 

0.00270 

270.57 

0.000 

1.00 

Xbal 

-0.04471 

-0.02236 

0.00270 

-8.27 

0.000 

1.00 

Xba2 

0.03926 

0.01963 

0.00270 

7.26 

0.000 

1.00 

Xbal*Xba2 

-0.02512 

-0.01256 

0.00270 

-4.65 

0.000 

1.00 


Model Summary 

S R-sq R-sq(adj) R-sq(pred) 
0.0152852 99.96% 99.96% 99.95% 


Figure 5: Predicted Effects and Coefficients for . 


CONCLUSIONS 

In the present work, optimization aspects splitting the total ratio of a two-step helical gearbox with the first step double 
gear sets were conducted. For doing that, an optimization problem was performed. The minimal reducer length was 
selected as the problem target. Also, the effect of the input factors containing the entire reducer ratio, the coefficients of the 
wheel face width of two steps, the output torque as well as the allowable stress was investigated. In addition, the equations 
to calculate the optimal partial gear ratios were suggested. 
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